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decade.
5. Conclusions
We have shown that the early thermal evolution of neutron stars undergoing fast neutrino
cooling is actually determined entirely by the critical temperature T
c
of the baryon pairing
phase transition within the fast neutrino emitting pit. The actual size of the pit, deter-
mined by the EOS and 
crit
, is of little importance as well as the actual rate of neutrino
emission as long as it is fast. The type of pairing,
1
S
0
or
3
P
2
with/without nodes in the
gap, is however probably more important: we have considered here only nodeless gaps and
gaps with nodes will be studied in a later paper. We can thus extend the proposition of
[9], which was restricted to the direct Urca cooling, to all fast neutrino emission mecha-
nisms: fast neutrino cooling neutron stars are thermometers for the highest T
c
superuid
(superconductor) in the Universe.
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high values of T
c
(
<

10
10
K) than for low ones ( 3  10
8
K) where cooling curves become
close to the unpaired case. Notice nally that with high values of T
c
fast cooling become
similar to the `standard cooling'.
The above models only considered core neutron pairing with a nodeless gap. However,
if the neutron gap has nodes the suppression is much less eective and will alter our
conclusions. The superuid's free energy is minimized by a nodeless gap for isotropic
homogeneous neutron matter but rotation and/or magnetic eld may favor a gap with
nodes [14]. This case will be considered in a later paper. For illustration we will consider
here the eect of (core) proton pairing, in
1
S
0
wave, which is also nodeless but with
a dierent relationship between T
c
and the gap size . As can be seen in Fig. 2, the
dierence in the surface temperatures, for the same value of T
c
, between gapless neutron
and (gapless) proton pairing is not very large, at the ages we consider, but sucient to
make the `measurement' of T
c
from observations of T
S
less accurate since we do not know
a priori if the suppression is due to neutron or proton pairing. A detailed study of this
combined eect and its use to measure T
c
has been presented in [15] in the case of direct
Urca cooling.
We have considered here T
c
as density independent, a gross approximation. However
our results will still be valid in case of density dependent gaps: the cooling will simply be
controlled by the region of the pit with the lowest T
c
. If  and 
 
hyperons are present
they undergo a hyperonic direct Urca process and hyperon pairing would have the same
eect as nucleon pairing. Finally, dissipative mechanisms can convert rotational energy
from the spin-down into heat and slightly rise the temperatures shown in Fig. 1 and 2 [16],
adding another uncertainty to our T
S
  T
c
relationship.
4. The observational data
Evidence for the occurrence of fast neutrino emission will come from the observation of
a neutron star with a surface temperature below the lowest prediction of the standard
model; this requires an age of less than about 5  10
5
yrs since at later times slow and
fast cooling trajectories overlap, see Fig. 1 A and [2]. Unfortunately there are very few
candidates for such observations [4] and in only four cases do we have good evidence that
surface thermal emission has been detected [1]. Of these four objects only the youngest
one, the Vela pulsar of age  10
4
yrs, is relevant. Its estimated surface temperature is
of the order of 1:5  10
6
K and is marginally inconsistent with standard cooling models:
it may be a case for the occurrence of fast neutrino emission but no strong conclusion
can be drawn presently. The second oldest, PSR 0656+14, is a limiting case and its
temperature estimate can also be accommodated within the standard model due to its
age of about 10
5
yrs, while the other two (PSRs 0630+178 and 1055-52) are denitely too
old [2]. Several young pulsars have been detected in the soft X-ray band but, due to their
distance, it is not yet possible to separate the surface thermal radiation from the emission
of the magnetosphere and the surrounding synchrotron nebula, and only upper limits for
their T
S
have been obtained, none of them providing a strong case for fast cooling. Better
analysis of the Vela data may provide us with the rst serious case, otherwise we will have
to wait for the next generation of X-ray observatories, to be launched at the end of this
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Figure 2: Comparison of fast cooling with neutron pairing (nodeless gaps) and proton
pairing. The four curves in each case correspond to N =24, 25, 26 and 27 by order of
decreasing temperature. For a given T
c
, the neutron gap 
n
is larger than the proton gap

p
and the eect of the early neutrino emission suppression thus more ecient, resulting
in higher surface temperatures till ages around 10
5
yrs. During the photon cooling era
(t
>

10
5
yrs) neutron stars with neutrons paired cool much faster since they have a lower
specic heat: about 75% of the star's specic heat is due to the neutrons and 20% to the
protons [2].
increasing 

by four orders of magnitude aects T
s
by at most 50% for T
c
= 10
9
K.
The reason for this very weak dependence on N is simple: the core temperature T drops
very fast till T
<

T
c
and then the neutrino emission is progressively turned o. With the
various fast neutrino emission processes, T will reach T
c
at dierent times but always very
early on, while if only slow neutrino emission is active T
c
is reached much later and the
resulting evolution is qualitatively dierent. The determinant parameter which controls
the thermal evolution is thus the critical temperature T
c
for the onset of core neutron
pairing as is clearly demonstrated in Fig. 1 B: for the range of variation of T
c
considered
there, T
S
changes by an order of magnitude, i.e., the luminosity changes by four orders
of magnitude. In the case of fast neutrino emission by the direct Urca process this result
was already clearly demonstrated in [9]. This strong dependence of T
S
on T
c
precludes
us of predicting the thermal evolution of fast cooling neutron stars because of the large
uncertainties in the theoretical calculations of T
c
. Page & Applegate [9] proposed to invert
the problem: if we can measure the surface temperature of a fast cooling neutron star at
ages between 10
3
and 510
5
years we are actually measuring the critical temperature for core
baryon pairing. Figure 1 B shows that this proposition holds independently of the actual
fast cooling mechanism. It appears also that this `measurement' will be more accurate for
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Figure 1: Cooling with fast neutrino emission and neutron pairing. Core neutrons are
paired in
3
P
2
state with a nodeless gap. The curves show the evolution of the surface
temperature T
S
as function of the neutron star age. A: the three sets of four curves each
show the spread in T
S
due to the change in the fast neutrino emission eciency (Equ. 1)
and the critical density 
crit
for onset of fast neutrino emission. B: the ve sets of four
curves each show the strong dependence of T
S
on the critical temperature T
c
. The values
of T
c
(in units of 10
9
K) from 9 down to 0.3 and 0 (i.e. no pairing) are indicated next to
each quadruplet of curves; curves within a given quadruplet dier by the value of N . The
two curves labeled `standard cooling' show, for comparison, the cooling in absence of fast
neutrino emission with and without core neutron pairing. During the photon cooling era
(t
>

10
5
yrs) all models with neutron pairing (including the `standard model') approach
the same asymptotic trajectory since they have the same specic heat, and models without
pairing (T
c
= 0) cool more slowly due to their larger specic heat.
slower for about 10
5
years until photon cooling from the surface emission takes over and
the (negative) slope of the curves decreases strongly. From now on we will concentrate on
the evolution at ages between 1,000 and 50,000 years. Figure 1 A shows clearly that, when
fast neutrino emission is stopped by pairing, the actual size of the fast neutrino emitting
`pit' is of little importance, unless 
crit
were very close to the central density and the pit
extremely small. The masses and radii of the pits, in our models, are (1.04 M

, 8.4 km)
for 
crit
= 2
0
, (0.63 M

, 6.7 km) for 
crit
= 3
0
, and (0.15M

, 3.9 km) for 
crit
= 4
0
.
The star has a mass of 1.4 M

and a radius of 10.7 km. Even the smallest pit of 0.15
M

results in a T
S
that is observationally indistinguishable from the larger ones. Had we
used a dierent EOS, which means a dierent central density and pit size, the resulting
surface temperature would be the same, within observational uncertainties. The same
Fig. 1 A also shows the small dependence on the actual rate of fast neutrino emission:
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suppression and in [2] for the specic heat. We will show here that, if we assume that any
fast neutrino emission mechanism is occuring, the thermal evolution of a young neutron
star is then entirely controlled by baryon pairing.
2. Input physics
When seeing the star from outside what matters is the neutrino emission rate, not the
actual mechanism. We will thus write it as


= 10
N
 T
6
9
erg cm
 3
sec
 1
: (1)
where the exponent N takes values between 24 and 27 to mimic the various fast emission
processes [6] and T
9
is the temperature in units of 10
9
K. In contrast, the modied Urca
process and the other similar processes of the `standard model' have an emissivity of the
order of 10
19 21
 T
8
9
erg cm
 3
sec
 1
. The change in the T dependence comes from the
fact that the fast processes involve only 3 degenerate fermions instead of 5: the dierence
in eciency is mostly an eect of phase space limitation. We will also consider the critical
density 
crit
above which fast emission is allowed as a free parameter.
The superuidity suppression of the neutrino emissivity 

and the specic heat c
v
is
taken into account by the introduction of suppression factors: 

! R



and c
v
! R
c
c
v
.
The R

and R
c
are functions of T=T
c
and depend also on the type of pairing [10]; at
T  T
c
they are proportional to exp( aT
c
=T ), where a  2   8, for nodeless gaps,
and proportional to (T=T
c
)
2
for gaps with nodes. For
1
S
0
pairing the gap is spherically
symmetric and nodeless. For
3
P
2
pairing there are many possible states from which the
two apparently most probable have gaps proportional to (1+3 cos
2
) and 3 sin
2
; we will
consider here only nodeless gaps.
The neutrons in the inner crust will always be assumed to be paired in
1
S
0
wave with
the critical temperature calculated in [11]. As for pairing in the core, for both neutrons
and protons, we will consider T
c
as a free parameter and take it as density independent
for a rst step. All our calculations use the classic FP equation of state [12]. The other
ingredients of our calculations are standard and are described in [8] and [9]. It must be
mentioned that all surface temperatures, in Fig. 1 and 2, below 3  10
5
K have to be seen
only as illustrative since several important low temperature eects in the envelope have
not been included. Magnetic eld eects in the envelope have also been neglected.
3. Results and discussion
The main points we will consider here are the eects of the actual rate of neutrino
emission, Equ. 1, the critical density 
crit
for the onset of fast neutrino emission and the
critical temperature T
c
of the pairing phase transition.
We show in Fig. 1 cooling curves for various values of 
crit
, N and T
c
for core neutron
pairing with a nodeless gap. For the rst ten years, approximately, the surface temperature
T
S
is independent of the core evolution: this is due to the nite diusion time through the
crust heat blanket and the outer part of the core [13]. Once the cold wave from the core
reaches the surface, the temperature drops precipitously: a higher 
crit
naturally results
in a delay in this temperature drop (thicker blanket). After this, the cooling is much
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1.1 `Neutron' Stars ?
Two important questions that can be asked about matter at supranuclear density are the
`chemical' composition and the state of this matter, superuid or normal. At densities
around and slightly above the nuclear density, 
0
= 2:810
14
g cm
 3
, matter is made mostly
of neutrons with a small admixture of protons and electrons (and muons) to maintain
charge neutrality. However, at densities between 2   4
0
new particles are expected to
appear: pions, kaons, hyperons, or simply a large fraction of protons. Who will come
up rst and at which critical density is still a question of debate, but there is now little
doubt that the term `neutron star' is not representative of the real content of these objects.
Pion condensation is presently considered as improbable and has been replaced by kaon
condensation while the appearance of quark matter is still a question of personal taste.
Hyperons are serious candidates but the present meagerness of our knowledge of hyperon-
hyperon interactions precludes any convincing study. As for the concentration of protons,
in absence of non nucleonic particles, it is determined by the symmetry energy of dense
matter, also a poorly know quantity.
All these possibilities share a common property: they increase enormously the neutrino
emission compared to the slow modied Urca process [5] relevant within the conservative
view of neutron stars (`standard model') These fast neutrino emission mechanisms over-
whelm the standard mechanism by 3 to 6 orders of magnitude at a temperature of 10
9
K:
the occurrence of any of these processes will of course have a dramatic eect on the cooling
of a neutron star. We refer to the reviews [6] for a detailed discussion. The study of neu-
tron star cooling oers thus the possibility to nd observational evidence for the presence
of these `exotic' states of matter. The cooling of neutron stars under the `standard model'
has been presented in detail in the classic paper of Nomoto & Tsuruta [7].
1.2 Baryon pairing
There must be an undemonstrated fundamental theorem of physics stating that any many-
body system must be solid or superuid at low enough temperature. Solidication of
neutron matter was popular in the early seventies but has been disproved since then: the
alternative is thus superuidity. Neutron star matter is actually the most obvious place
to look at for fermion pairing a la BCS: high degeneracy and attractive interactions are
naturally present. Nucleons are expected to pair in the
1
S
0
partial wave at low Fermi
momentum and in the
3
P
2
partial wave at larger momentum.
1
D
2
pairing at still higher
momentum is possible. Thus the free neutrons present in the neutron star's inner crust are
paired in the
1
S
0
state as well as the protons in the core while the core neutrons are paired
in the
3
P
2
state and higher order pairing may happen in the denser regions. However,
the calculation of the pairing critical temperature T
c
is a famously dicult problem, and
published calculations show a very large range of values of T
c
, particularly for
3
P
2
neutron
pairing. Presently, the only correct attitude toward baryon pairing at high density is,
unfortunately, to consider T
c
as a free parameter [2].
Pairing will suppress all processes involving excitations. This applies in particular
to the specic heat and the neutrino emissivity and will aect dramatically the cooling
of neutron stars. These eects where discussed in [8] and [9] for the neutrino emission
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. Introduction
Due to the extreme conditions present in their interiors, neutron stars (NS) are unique
laboratories for nuclear physics. A most promising tool for studying the NS interiors is the
modeling of their thermal evolution which, at early stages, is driven by neutrino emission
from matter at supranuclear densities. We summarize in this paper the basic concepts
necessary for understanding and studying fast neutrino cooling of neutron stars, showing
what can be learned from this study and underlining its limitations.
The theory of neutron star cooling started more than 30 years ago and often progressed
at a slow pace due to the paucity of data, but the recent launch of the R SA observa-
tory revived the eld. Deep R SA observations have nally provided strong evidence for
detection of surface thermal radiation from four nearby neutron stars [1]. The interpre-
tation of these data has already provided new insights into the structure of the neutron
star's interior [2] and surface [3, 4]. However, the results presented here seem to require
improved data or deeper analysis of the available ones.
, , ,
,
